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Switchgrass (Panicum virgatum) is a native warm-season grass where weed
control during establishment is a limiting factor for stand. Objectives of this research are
to develop a herbicide resistant cultivar and to test a variety of seed safeners to improve
first year growth. Phenotypic recurrent selection (PRS) was used to select ‘Alamo’
switchgrass seedlings that showed resistance to imazapic herbicide at 245 g a.i./ha. Initial
screenings of 364, 650 seedlings resulted in 63 survivors, a selection intensity of
0.0172%. Subsequent testing of the next generation of seedlings indicated that multiple
generations of selection were needed in order to transfer greater resistance to the
offspring. Seed safener testing consisted of three trials. Field data taken included
emergence counts, weed control ratings, and end of season harvest. Results showed
fluxofenin (a.i. in Concep III) as being only safener providing protection against
metolachlor (83.7% a.i.).
Key words: switchgrass, herbicide resistance, seed safener
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CHAPTER I
INTRODUCTION

Energy crops produced on American farms as a source of renewable fuels are a
concept with great relevance to current economical and ecological issues at both global
and national scales. National capacity to use switchgrass (Panicum virgatum) and other
perennial cellulosic crops as biofuels could benefit the agricultural economy by providing
a new source of income for farmers. While energy prices in America are among the
cheapest in the world, high dependency on foreign oil, uncertainties of maintaining
supplies of imported oil, and environmental costs have been driving concerns to search
for cleaner fuels that can be renewed by the landscape (McLaughlin et al. 1999).
Renewable energy from the production of biomass has the potential to reduce the
dependency on foreign oil. To realize this potential, high yielding biomass conversion
systems and efficient bioconversion technologies must be developed. The fulfillment of
these objectives would result in economic gain for agricultural and industrial sectors,
along with reduced environmental costs and political risks (McLaughlin et al. 1999).
Switchgrass is a native warm-season grass (NWSG) and is found naturally
throughout North America. This tall-growing perennial grass has a wide variety of uses
including: forage for livestock, soil conservation, wildlife habitat, and biofuel feedstock.
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Switchgrass is one of seven species commonly promoted for their value as a forage or
cover for wildlife. The other six species include: big bluestem (Andropogon gerardii),
little bluestem (Schizachyrium scoparium), broomsedge bluestem (Andropogon
virginicus), indiangrass (Sorghastrum nutans), sideoats grama (Bouteloua curtipendula),
and eastern gamagrass (Tripsacum dactyloides).
Switchgrass is a C4 plant which makes most of its active growth when daily
temperatures are around 15.5o C and soil temperatures reach 12.7o C. A mature lowland
plant reaches 1-2 meters tall, and flowers in mid-August to September. Switchgrass is
widely adapted to a variety of different soils, environmental conditions, and latitudes. It
is extremely drought tolerant, but can also be found on relatively wet sites. Conditions in
the Mid-South are attractive for most of the well known cultivars of switchgrass which
yield better than others. Popular cultivars include: Kanlow, Cave-in-Rock, Durham,
Blackwell, and Alamo. Many NWSG were crucial components of plant communities
throughout the Mid-South region. Years of land use have caused switchgrass stands to
disappear due to: crop rotations, overgrazing, lack of fire, and an increased competition
between legumes and cool-season grasses and the promotion of non-native species such
as: tall fescue (Festuca arundinaceum), bermudagrass (Cynodon dactylon.), and
johnsongrass (Sorghum halapense).
Along with the increased demand for biofuels, switchgrass can also serve farmers
and land managers in many ways. Switchgrass has long been known for its forage
qualities. The first recorded uses of this grass, refer to periods that date back before
European arrival when countless ruminants grazed the tall grass prairies of the Midwest
2

(Parrish and Fike 2005). As domesticated livestock populations increased, switchgrass
was quickly overgrazed due to its high palatability and declined due to restricted animal
migration. Further and more dramatic decrease came when the Tallgrass Prairie was
plowed up for maize and wheat.
Switchgrass is also valuable in soil erosion control when used in vegetative buffers
and stream and riverside stabilization. Its dense root structure and thick canopy cover
help in reducing water runoff, filtering sediment, and retaining agrichemicals (Parrish and
Fike 2005).
Wildlife habitat is another incentive for establishing switchgrass. Grassland
habitat loss is of major concern among conservationists, wildlife mangers, and game
enthusiasts. By re-establishing switchgrass and other NWSG with legumes into these
agriscapes through buffer systems or infertile fields, grassland habitats can be restored.
Many species of birds including: wild turkey (Meleagris spp.), and quail (Oreortyx,
Callipepla, Colinus, Cyrtonyx) use these habitats for nesting, brood rearing, foraging, and
cover. The bare ground located beneath the understory of NWSG allows birds to feed on
fallen seed, insects, and annual weed seedlings that emerge before the closing of the
canopy. The vertical structure and canopy cover of bunchgrasses may also enable birds to
escape predation which is a major cause of bird loss in the current fescue/bermudagrass
grasslands.
Co-firing switchgrass with coal is an alternative for developing renewable fuels for
power generation. Co-firing switchgrass could ultimately: Support economic
development among agricultural industries, reduce net CO2 emissions, reduce nitrogen
3

oxides and trace metals, and provide transition to a broader base of biofuels (Tillman
2000).
Unfortunately, switchgrass, along with other NWSGs, are hard to establish. Innate
seed dormancy, improper planting techniques, lack of seed availability, impatience in
seeing results, and weed control are the major factors affecting the process. Among the
afore mentioned, lack of weed control is the most serious limiting factor in establishment
(Martin et al. 1981). Competition is one of the main factors inhibiting establishment.
These perennial grasses, as seedlings, do not compete well with annual grass weeds and a
large variety of broadleaf weeds. In pasture restorations, mixed NWSG are often used.
The species grown tend to be: big bluestem, little bluestem , indiangrass, and switchgrass.
However, of the previously mentioned species, switchgrass is the only one that is not
imazapic resistant. Imazapic, sold under the trade names Plateau®, Journey®, or Cadre®,
is used for prairie and pasture restorations and controls many annual grass weeds
associated with these environments. There are many options for broadleaf weed control,
and by implementing a grassy weed control option that planted species are resistant to, a
weed control regime could be established.
By developing a cultivar of switchgrass that is tolerant to imazapic, mixtures of
NWSG and monocultures of switchgrass could be planted and weeds would be controlled
allowing for more successful stands in the establishment year. Another form of weed
control that may enhance switchgrass establishment could be the use of seed safeners.
When applied to the seed, these safeners, in combination with herbicidal competition
control, can protect the emerging seedling from the herbicide.
4

CHAPTER II
LITERATURE REVIEW

Switchgrass as a Biofuel
Switchgrass is capable of being used in a variety of different energy processes. It
can be co-fired along with pulverized coal in existing electricity generating facilities
which can enhance development among agricultural industries and reduce CO2, nitrogen
oxide, and trace metal emissions (Tillman 2000). Switchgrass can also be used in
biomass gasification giving rise to syngas, which can be supplied to a bioreactor for
conversion into ethanol (Patil et al. 2005). Biomass can be converted to biodiesel,
ethanol, and other hydrocarbons through fermentation or gasification. Ethanol (ethyl
alcohol), or grain alcohol, is typically made from corn (Zea mays) grain with a smaller
percentage made from sorghum (Sorghum bicolor) seed by simple fermentation using %amylase and yeast. Cellulosic ethanol is produced from cellulosic material (plant parts).
Cellulosic feedstocks are composed of three main components: cellulose, hemicellulose,
and lignin. A rich supply of complex carbohydrates is produced from cellulose and
hemicellulose that putatively can be used to make ethanol. Sources of cellulose include:
wood residues, crop residues, wheat straw, and switchgrass. However wood is not
favored for bioethanol because its high lignin content (~30%) interferes with the

5

digestion of the cellulose. Current estimates show that cellulosic feedstocks produce five
times more ethanol per unit energy than corn grain (Bouton 2006). Also, cellulosic
feedstocks have a greater variability in growth patterns, such as tolerance to poorer soils,
in locations where corn can not be grown economically. Carbon sequestration for soils
containing switchgrass would improve both soil productivity and nutrient recycling.
Erosion, surface water quality, and subsurface water movement can be improved with
cultivation of perennial energy crops and no-till operations which then improve cropland
formerly under conventional tillage (Wright et al. 2001).
Ethanol can be made synthetically from syngas or in small scale through transgenic
microbial conversion of switchgrass (biomass) in fermentation. Fermentation involves
the formation of a solution composed of five and six carbon sugars, the actual
fermentation of the sugars, and the purification of the ethanol, usually by distillation.
There are three basic types of ethanol-from-cellulose processes: acid hydrolysis,
enzymatic hydrolysis, and thermochemical production. Further, acid hydrolysis is
subdivided into two forms; dilute and concentrated hydrolysis. Dilute hydrolysis takes
place under high pressure and temperature and have reaction times ranging from a few
seconds to a few minutes, resulting in continuous processing of ethanol, yet yields a lower
sugar recovery efficiency usually found around 50% (Badger 2002). The concentrated
acid process takes place with milder temperatures and the only pressures present at the
reaction are those created by pumping materials from vessel to vessel. This process takes
more time, but has a sugar recovery value of 90% or more. Enzymatic hydrolysis allows
the use of naturally occurring or synthetically generated enzymes to induce chemical
6

reactions. However, for this method to be effective, a pretreatment process to break down
the crystal structure of lignin and expose the cellulose and hemicellulose is necessary.
Pretreatment processes can either be physical (temperature, pressure, milling, radiation,
freezing) or chemical (which involves some type of solvent that dissolves the crystal
structure). There are two thermochemical processes, the first of which takes biomass and
is gasified, and the synthesis gas is bubbled through fermenters where microorganisms
convert the gas to ethanol (usually Clostritium thermocellum). The second of the
thermochemical processes is basically identical to the first, except no microorganisms are
used and the gas is passed through a reactor containing catalysts which convert the gas to
ethanol (Badger 2002).
Simultaneous saccharification and fermentation (SSF) is an ethanol conversion
process that pretreats residual solids with Saccharomyces cerevisiae (yeast) in the
presence of cellulase enzymes and a â-glucosidase (Weimer et al. 2004). This releases
hemicellulosic sugars, which renders the cellulosic material of the biomass more
accessible to additional enzymes, thus maximizing conversion of ribose and hexose and
other sugars into ethanol (Weimer and Springer 2006). Yeast ferments these sugars
rapidly which avoids end product inhibition of the cellulase enzyme (Lynd et al. 2002).
The United States Department of Energy (DOE) measures ethanol yield by SSF, but it
tends to be time consuming. Currently, SSF can not be used for large scale operation for
agronomic or plant breeding research to improve feedstocks.
Consolidated bioprocessing (CBP) is an alternative biomass conversion scheme
that involves a direct fermentation of cellulose and hemicellulose by a mixture of
7

fibrolytic bacteria. Weimer and Springer (2006) showed that by using ruminal fibrolytic
bacteria, a direct comparison of the fermentability of biomass in CBP systems
(preprocessed by grinding) could be made without additional chemical pretreatments.
Switchgrass has been identified by the DOE as a primary target for the production
of a dedicated energy crop because of its potential for high fuel yields, drought tolerance,
and the ability to grow on poorer soils with less intensive management. Recent studies
conducted by the DOE and USDA predict that by the year 2030 a billion tons of biomass
will be needed to produce enough biofuel to replace 30% of current U.S. consumption of
fossil fuels (known in the popular press as the “Billion Ton Report” (Perlack et al. 2005).
Cultured perennial crops are to account for 377 million tons of that annual production.
By definition, perennial crops would include: forages and trees, also known as “dedicated
energy crops” (Bouton 2006).
Switchgrass was screened along with 30 other herbaceous species during the
1980's in a study conducted by Wright et al. (2001) and a decision was made by BFDP
(Bioenergy Feedstock Development Program) at Oak Ridge National Laboratory that the
DOE should focus most of its research on switchgrass due to high yields, conservation
attributes, and compatibility with conventional farm practices. When compared to the
woody species in this study (poplar Populus spp., willow Salix spp., sycamore Platanus
occidentalis), switchgrass advantages include: biomass yields every year after
establishment, conventional harvesting practices, and its use of marginal lands already
under production. Substantial research has thus been conducted on switchgrass based on
the afore mentioned attributes (McLaughlin 1992). Challenges of herbaceous crop
8

research programs have been to combine near-term objectives of increasing potential
current economic yields with long-term objectives of improving quality and maximizing
yields through breeding and biotechnology (Sanderson and Wolf 1996). Included in these
objectives are; evaluating performance of the highest yielding cultivars and determining
the optimum management regimes for better production efficiency and environmental
benefits such as soil conservation and water quality. Classical breeding, tissue culture,
physiological modification, and molecular techniques of modification are parts of the
long term objectives to improve switchgrass for use as a cellulose source (McLaughlin et
al 1999).

Characteristics of Species
Switchgrass is a warm-season perennial indigenous to the prairies, open woods,
marshes, and pine-grasslands of North America east of the Rocky Mountains and south of
55oN latitude to the Yucatan. This species is composed of two distinct ecotypes, lowland
and upland, whose populations are comprised of two ploidy levels, tetraploid and
octaploid, respectively. The lowland ecotype is generally found on flood plains in the
southern prairie and coastal plains of the U.S. while the upland is found in areas that are
not prone to flooding and generally occupy northern prairies (Vogel 2004). Lowland
types are generally taller, more rust resistant, and tend to have more of a bunch type
growth pattern compared to the upland ecotype. The two ecotypes of this grass are
considered a single species in spite of the fact that they are cross incompatible (Taliaferro
and Hopkins 1996). Switchgrass usually grows anywhere from 0.5- to 3-m tall. The
9

inflorescence is a diffused panicle 15- to 55-cm long that have spikelets on the end of the
longer branches. The spikelets are 3- to 5-cm long and are awnless. The leaves have
rounded sheaths and flat blades 10- to 60-cm long. It reproduces by seed, tillers, and
some by rhizomonous genotypes are known (Vogel 2004).
Switchgrass has a base chromosome number (x) of nine (x = 9). Some literature
has reported somatic numbers consisting of 2x, 4x, 6x, 8x, 10x, and 12x. All lowland
plants evaluated to date have been determined to be tetraploids (2n = 4x = 36) while the
upland populations have been found to be tetraploids and octaploids (2n = 8x = 72)
(Vogel 2004). Reported chromosome numbers of 2n = 4x = 36 for Kanlow and Summer;
and 2n = 8x = 54 for Blackwell, Cave-in-Rock, and Pathfinder. Kanlow is a lowland
type, whereas the others are upland types (Hopkins et al. 1996). The tetraploids and
octaploids have been found growing together in most of the remnant prairies studied by
Hultquist et al. (1997).
Switchgrass is an obligately cross-pollinated species that is influenced by a
gametophytic self-incompatibility system which is common to most grasses. The pollen
is dispersed by wind. Self-compatibility tests measured seed set from bagged panicles
reports around 1% selfed seed (Martinez-Reyna and Vogel 2002). Taliaferro and
Hopkins (1996) showed that there is strong incompatibility between the upland and
lowland ecotypes. Over 6,000 crosses were made between the tetraploid and octaploid
plants and only four seed were produced (0.06%). Martinez-Reyna and Vogel (2002)
used reciprocal crosses between Kanlow (2n = 4x) and Summer (2n = 4x) to demostrate
that chloroplastic DNA of switchgrass is maternally inherited. The study also determined
10

that the two ecotypes’ cytoplasms are completely cross fertile at the tetraploid level and
there is a high degree of similarity of their genomes which was indicated by bivalent
pairing during meiosis. Although some individuals are cross fertile, the lowland and
upland ecotypes are genetically isolated (Hopkins et al. 1996) which would seem to
indicate separate species.
Since switchgrass is a cross pollinated grass, the presence of genotypic self
incompatibility is expected. Incompatibility is defined as the inability of functional male
and female gametes from the same plant to produce seed following pollination (Allard
1964). A knowledge of these incompatibility mechanisms is required to be able to
exploit germplasm effectively in a breeding program. Martinez-Reyna and Vogel’s study
in incompatibility used seed set and seed characteristics of reciprocal matings of
tetraploid by tetraploid, octaploid by octaploid, and tetraploid by octaploid plants as
measures of incompatibility. The percent of self-compatibility of the parent plants
observed were 0.35 and 1.39%, respectively. Tests showed that pre-fertilization
incompatibility is apparently under gametophytic control due to significant differences in
percentages of viable pollen and percent total seed set between matings and ploidy levels.
Post-fertilization incompatibilities also exist between intermatings of ploidy levels which
showed abnormal seed sets (Martinez-Reyna and Vogel 2002). By knowing these
incompatibility mechanisms, germplasm can be manipulated to develop new cultivars for
agricultural purposes.
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Overview of Establishment
The establishment of switchgrass, along with other North American native grasses,
is unfortunately a slow process that can lead to failure if certain critical steps are not
taken. Typical problems that may occur include: drilling the seed too deep, insufficient
weed control, planting at the wrong date, and using equipment that is inadequate for
planting the extremely small seeds of switchgrass (Harper 2007). Successful
establishment of NWSG requires selection of an appropriate species/cultivar for the site
being planted, seed quality, and the implementation of establishment and management
techniques that will help insure the production of successful stands (Mitchell and Britton
2000).
Seeding rates are recommended at 200 to 400 PLS (pure live seed) m-2 (drilled)
Stands that produce 20 or more plants per m-2 can ultimately produce harvestable biomass
during the same year as establishment (but usually does not). Stands with approximately
10 plants per m-2 are adequate, but will require at least another year of growth before
economic harvesting can be conducted. Temperatures for optimal germination are
between 19 and 36oC. It is common practice to plant in a window three weeks before to
three weeks after the recommended planting date for maize. Fall plantings may be
conducted if done late enough so that the seed will not germinate before winter. This will
create a natural stratification that may decrease innate seed dormancy (Vogel 2004).
Physiological seed dormancy of particular cultivars of switchgrass can also result
in seeding failure. Simple dormancy will be broken if the seed is aged long enough, or if
it is cold stratified. Switchgrass can be stratified by wet chilling to break dormancy, but
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drying the seed to plant causes most seed to revert to the dormant condition. Extended
stratification (greater than 42 days) greatly reduces the percentage of switchgrass seed
that reverts to dormant condition after drying (Vogel 2004). Germinating can be
increased $80% with 14 days of stratification only if the seeds are moved directly to
germination without drying. However, some germinability may decrease by half or more
if the stratified seeds are first dried then rehydrated (Shen et al. 2000).
NWSG are often planted by using no-till drills or by broadcasting seed onto well
prepared seed beds. Adaptations to equipment may be necessary when planting
switchgrass seed by no-till drill. Seed boxes designed for handling smaller seed such as
clover will be sufficient (Harper 2007). Planting seed too deeply is a major reason for
stand failure in switchgrass and other small seeded NWSG. The seed should be planted
at only 1 to 2 cm deep on a firm seedbed. No-till seeding into existing crop residues or
into chemically controlled sods can also be a very effective method (Vogel 2004).
Competition is one of the main factors inhibiting NWSG establishment. The
grasses do not compete well with: tall fescue (Festuca arundinaceum), bermudagrass,
crabgrass (Digitaria spp.), foxtail (Setaria spp.), johnsongrass (Sorghum halapense),
along with a wide range of broadleaf species. The controlling of these weeds is directly
related to the success of the establishment (Harper 2007).

Weed Control and Herbicide Resistance
A major reason for stand failure of switchgrass is weed competition (Harper 2007).
Removal of weeds through the use of appropriate practices or by the application of pre13

and/or post-emergence herbicides can enhance establishment chances. Herbicides have
the potential to selectively control problem species in NWSG plantings. Producers in the
Great Plains have historically used 2,4-D [(2,4-dichlorophenoxy)acetic acid], dicamba
(3,6-dichloro-2-methoxybenzoic acid), and picloram (4-amino3,5,6-trichloro-2pyridinecarboxylic acid) to control musk thistle (Carduus nutans) and leafy spurge
(Euphorbia esula). Spring applications of 2.24 kg active ingredient (a.i.) ha-1 of 2,4-D
controlled 99% of musk thistle plants, whereas fall application controlled 89% of plants
in a study conducted in Kansas (Fick and Peterson 1995). Application of picloram, or a
combination of 2,4-D and dicamba resulted in the same effectiveness, but spraying in the
rosette stage is critical. A Nebraska study showed that an application of 4.7 to 9.41 kg
a.i. / ha of picloram has been reported to give 70-90% leafy spurge control the first year
after the initial treatment resulting in acceptable stands in the establishment year (Fick
and Peterson 1995).
Atrazine, a triazine herbicide, has been used to control annual grass and broadleaf
weeds and is especially effective in controlling pigweeds (Amaranthus sp.), yellow
nutsedge (Cyperus esculentus), and quackgrass (Elytrigia repens). It can be applied
preplant incorporated, preemergence, or early postemergence. Atrazine is often used in
combination with the grass control herbicide metolachlor [2-chloro-N-(6-ethyl-o-tolyl)N-[(1RS)-2-methoxy-1-methylethyl]acetamide]. Generally, mixing allows lower rates of
atrazine to be used, which favors shorter soil persistence and reduces groundwater hazard.
Atrazine is recommended for use in switchgrass because researchers have developed
atrazine-tolerant cultivars of switchgrass and big bluestem in Nebraska (Mitchell and
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Britton 2000). Studies conducted at the Jamie L. Whitten Plant Materials Center in
Coffeeville, MS, have shown that atrazine has no deleterious effects on switchgrass
stands. Unfortunately, atrazine is a restricted use pesticide (RUP) (Grabowski 2002).
The Helena manufactured product, Atrazine 4L, is not registered for use on switchgrass in
Mississippi, but is allowed for use in Alabama, Florida, Georgia, and South Carolina
(Helena Chemical Company 2007).
While atrazine controls a wide variety of annual weeds in certain NWSG, some
NWSG are susceptible as seedlings, but tolerant once a crown has formed. Both
switchgrass and big bluestem seedlings are tolerant. The tolerance to this herbicide is
probably due to metabolic degradation (Shimabukuro 1967). Detoxification of atrazine
has been documented in sorghum and maize. Detoxification occurs through modification
of the atrazine molecule by N-dealkylation, 2-hydroxylation, or glutathione conjugation
(Shimabukuro 1967). Species that show atrazine tolerance all formed the atrazineglutathione conjugate, which is a detoxified form of atrazine. A study conducted by
Bahler et al. (1983) determined the tolerance of atrazine in a number of NWSG seedlings.
Seed of Pathfinder switchgrass; Nebraska 54 indiangrass; Butte sideoats grama; Plains
bluestem (Bothriochloa ischaemum); Caucasian bluestem (Bothriochloa caucasica),
Blaze little bluestem and a Nebraska experimental prairie sandreed (Calamovilfa
longifolia) were planted in flats containing 17.7 kg of soil. Atrazine-methanol
concentrations of 0,1,2 or 3 mg kg-1 were pipetted evenly over the soil surface of each
tray. These data indicated that switchgrass had the highest survival rate at 1 and 2 mg kg1

atrazine treatments. At 3 mg kg-1, switchgrass and big bluestem had the highest survival
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ranking. Height was reduced in the surviving seedlings, but is not related to seedling
survival (Bahler et al. 1983).
Since chemical methods of weed control are limited due to the restriction of the
use of atrazine on switchgrass and big bluestem, other mechanisms are being developed
to control weed problems during establishment of NWSG. Companion cropping is one
such way which could provide biomass production and a cash crop during the
establishment year while allowing the use of atrazine for weed control. Interseeding
maize as a companion crop could provide abundant biomass as silage or grain and would
enable the use of atrazine for weed control during NWSG establishment while still
providing a cash crop (Hintz et al. 1998). Cave-in-Rock switchgrass and Rountree bigbluestem were drilled on well-prepared seedbeds and corn was planted perpendicular to
the grass seeding by no-till in 76 cm row spacings. Atrazine was applied preemergence
following planting at 2.8 kg a.i. ha-1. Establishment of switchgrass and big-bluestem
rated “excellent” based on values set by the Great Plains Agricultural Council.
Establishment year switchgrass stands were 26.3 plants m-2 in 1995 and 46.4 plants m-2 in
1996 while big-bluestem was 31.7 in 1995 and 5.2 (fair rating) in 1996. There was no
significant difference in corn biomass production when grown with or without native
grasses. Thus, establishment of switchgrass and big-bluestem grown with corn and
atrazine was successful and provides a viable option for establishing warm-season grass
plantings for second year forage production. Atrazine helped control early cool-season
weeds while the corn canopy suppressed late-emerging weed species that escaped the
atrazine treatment. Higher density corn populations showed that companion crop
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biomass production could be increased when interseeded with switchgrass and bigbluestem.

Switchgrass and big bluestem grown with corn and the application of atrazine

reduced opportunity costs during the establishment year of switchgrass, which in turn
allowed adequate weed control for the establishment of these grasses for future forage
production (Hintz et al. 1998).
In a similar study by Cossar and Baldwin (2004), switchgrass was planted in
conjunction with sorghum-sudangrass (SS). This practice would allow first year biomass
return through the SS while the switchgrass established in the understory. Five
treatments: 5, 3, 2, 1, and 0 SS seed linear ft-of-row-1 and Alamo switchgrass at a rate of
4.5 kg (10 lbs) pure live seed 0.41 ha-1 (A-1) were planted on 50.8 cm (20 in) centers, 4
rows by 6.06 m (20 ft) plots. Atrazine was applied post-planting at 1.2 kg a.i./ha, and
also the following spring. SS had no effect on the germination or emergence of
switchgrass, however they did affect switchgrass stands as SS matured to harvest height.
There was an increase in weed pressure in the 1 and 0 treatments due to the increase in
available sunlight. Switchgrass only plot yields were higher than SS treatments, but by
combining SS yield in establishment year and the resulting switchgrass yields, there was
no significant difference, thus allowing a producer to sell a crop in the first year (Cossar
and Baldwin 2004).
Most research conducted on NWSG of the Great Plains has focused on atrazine
and glyphosate to control cool-season grasses. Several studies report increases in warmseason grass forage yield, quality, and seed stalk density as a result of atrazine
applications. Atrazine is no longer labeled for rangeland use, but must be investigated to
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evaluate the associated control with this herbicide. Species most susceptible include:
Kentucky bluegrass (Poa pratensis), Canada bluegrass (Poa compressa), smooth
bromegrass (Bromus inermis), downy bromegrass (Bromus tectorum), green foxtail
(Setaria veridis), annual bromes (Bromus spp.), and Russian thistle (Salsola kali). Some
seedlings of some NWSG are not atrazine-tolerant, but most established warm-season
grass plants are not damaged by atrazine. Annual grasses such as crabgrass (Digitaria
sanguinalis), fall panicum (Panicum dichotomiflorum), green foxtail (Setaria viridis),
yellow foxtail (Setaria glauca), and barnyardgrass (Echinochloa crusgalli) usually cause
the most significant threats to NWSG during establishment (Mitchell and Britton 2000).
Simazine has been used in the establishment of switchgrass. Pre-plant applications
were applied to Alamo and Kanlow in open field trials to determine herbicide
effectiveness and to test agronomic weed management techniques (Minelli et al. 2004).
Simazine was tested at a rate of 537 g a.i. / ha along with other pre-emergent herbicides
including terbuthylazine and pendimethalin. Preplant herbicides were evaluated based on
selectivity of switchgrass in the number of emerged and viable plants in m-2 and in terms
of weed infestation. When compared with the untreated check, simazine and
terbuthylazine caused a reduction of switchgrass stands ranging from 10-20%.
Pendimethalin resulted in mortality of stands up to 50%, but was also the most effective
in weed control (Minelli et al. 2004). Simazine is also not registered for any use in
Mississippi, Alabama, Louisiana, or Georgia, but is registered for South Carolina and
Kentucky (Drexel Chemical Company 2007).
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Imidazolinone herbicides, which include: imazapyr, imazapic, imazethapyr,
imazamox, imazamethabenz, and imazaquin, control weeds by blocking the enzyme
acetohydroxyacid synthase (AHAS) which is needed for the biosynthesis of branchedchain amino acids in plants. Imidazolinone resistance has been discovered in maize,
wheat (Triticum aestivum), rice (Oryza sativa), oilseed rape (Brassica napus), and
sunflower (Helianthus annuus). Imidazolinone herbicides control a broad spectrum of
grass and broad leaf weeds, have a low mammalian toxicity, and posses favorable
environmental attributes. Imidazolinone tolerant crops contain AHAS alleles which
produce enzymes in spite of the presence of the herbicide conferring resistance at the site
of action for these crops (Tan et al. 2005).
Imidazolinone-resistant maize was developed by tissue culture selection of cell
callus on medium containing imazaquin. Commercial cultivars currently known as
Clearfield® corn were produced as a result. Winter wheat (2n = 6x = 42) seed were
treated with imazethapyr followed by a pre-emergence application. Four tolerant
survivors were selected and used as parents to develop resistant wheat varieties marketed
first in 2001 in France. Tolerance is under genetic control. Hexaploid wheat has three
genomes: A, B, and D. Acetohydroxyacid synthase resistance alleles have been
confirmed on three homologous loci of the long arms of chromosomes 6A, 6B, and 6D
(homologous chromosomes). The inheritance of imidazolinone resistance and allelism of
traits are semi-dominant and unlinked. In wheat, higher levels of tolerance can be
achieved by stacking tolerance alleles into single genotypes. Winter wheat with a single
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pair of alleles has acceptable tolerance, whereas spring wheat requires two non-allelic
genes are required for full resistance (Tan et al. 2005).
In herbicide selection, resistant alleles (R) ALS (acetohydroxyacid synthase or
AHAS) are reportedly dominant over susceptible (s) alleles (Tranel and Wright 2002).
“Dominance” is conferred in a number of ways allowing for degrees of dominance (i.e.
gene duplication resulting in amplification; Baerson et al. 2002) among plant species,
alleles, or among non-allelic genes. Under the appropriate screening regime, R alleles
may be selected for even when present in a heterozygous individual (Foes et al. 1999;
Hart et al. 1993; Sebastian et al. 1989; Wright and Penner 1998). This contrasts with
selection against dinitroanilines where the r allele is recessive to the s allele (Jasieniuk et
al. 1994; Zeng and Baird 1997). According to Tan et al. (2005) and Tranel and Wright
(2002) ALS resistance follows normal Mendelian (nuclear) inheritance, therefore r ALS
alleles are disseminated by both pollen and ovule. The genetics of ALS-inhibiting
herbicide resistance, that resistance is conferred by a single, dominant gene, might
partially account for the high frequency of resistance to ALS inhibitors found in other
weedy species (Tranel and Wright 2002). The amount of innate genetic variability of
ALS-resistance in the population will affect the likelihood that R biotypes are selected by
continuous application of ALS herbicides (Perez-Jones et al. 2007).
Van Eerd et al. (2004) determined the genetics and inheritance of quinclorac and
ALS-inhibitor (thifensulfuron) resistance in bedstraw (Galium spurium). Screenings
indicated that quinclorac resistance was due to a single, recessive nuclear trait, based on a
1:3 ratio (resistant : susceptible) of the progeny of a controlled cross. Resistance to ALS
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inhibitors in bedstraw was due to a single, dominant nuclear trait, based on a 3:1 ratio
(R:S). Genetic models were confirmed when F2 plants survived quinclorac treatment and
the resulting F3 progeny segregated in a 1:0 ratio (R:S). In contrast, F3 progeny separated
into three resistance ratios for the ALS-inhibitor treatment: 1:0, 3:1, and 0:1 (R:S). This
pattern indicates that either one of the F2 parents was either heterozygous or homozygous
for ALS-inhibitor resistance.
DNA of common cocklebur (Xanthium strumarium) and common ragweed
(Ambrosia artemisiifolia) were sequenced in a study by Jiang and Tranel (2002) which
revealed that ALS resistance was highly variable in common ragweed, but not in common
cocklebur. Regardless of the level of variability for ALS resistance within a population,
high ALS variability does not ensure that R ALS alleles will be expressed (Tranel and
Wright 2002). This being said, R ALS allele accumulation in a population of switchgrass
was assumed to be dominant. According to this research, dominant alleles would enable
selection for this trait to occur at a faster rate compared to selection for recessive alleles.
However, a study was conducted on ALS resistance in Palmer amaranth
(Amaranthus palmeri) and common waterhemp (Amaranthus rudis) to determine the
spread of resistance across species (Franssen et al. 2001). Approximately 3,500 hybrid
seedlings (A. palmeri x A. rudis) were screened using PCR (polymerase chain reaction)
fragments. Of the seedlings screened, only 35 were confirmed as hybrids conferring
herbicide resistance as a phenotypic and molecular marker (selection intensity of 1%).
The advantages of combining imidazolinone resistant crops with imidazolinone
herbicides allows the control of certain weeds when no other control method is available.
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This system also controls a broad spectrum of weeds in several crops in which
imidazolinone-resistant varieties are available, including the control of parasitic weeds.
Witchweed (Strigga spp.) is completely suppressed by using imazapyr, which increased
maize production by 17% in Kenya on strigga-infested soils (Tan et al. 2005).
Since herbicides with ALS-inhibiting sites of action are the most widely used in
the world, they have become notorious for their ability to create resistant weed
populations (Tranel and Wright 2002). This wide use has resulted in more weed species
resistant to imidazolinones than any other herbicide group. Cases of resistance usually
occur due to natural selection of a spontaneously altered ALS allele enzymes by
widespread usage of these herbicides. The strong selection pressure exerted on the weed
populations result in only resistant genotypes remaining to reproduce. Selection pressure
occurs due to: high herbicide activity on sensitive biotypes at the rates used; the amount
of residue in the soil; and the vast acreage treated with the same herbicide family (Tranel
and Wright 2002).
Imazapic (formerly called imazameth or AC 263,222), sold under the trade names
Plateau®, Journey® and Cadre®, is manufactured by BASF. These products are sold as
soluble liquid (SL) or dispersible granule (DG) formulations. Cadre® is used for
application on peanut crops (Tu et al. 2004). Plateau® is an ALS-inhibitor herbicide that
may be applied to newly established or existing stands of labeled species in areas such as;
pastures, rangeland, CRP land, and noncrop sites such as roadsides, industrial sites,
prairie restoration sites, drainage ditch banks, and other similar sites (BASF 2006).
Imazapic selectively controls some annual and perennial broadleaves and grasses
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including: cocklebur, buffalobur (Solanum rostratum), johnsongrass , cheatgrass or
downy brome (Bromus tectorum), bermudagrass, bahiagrass (Paspalum nutatum),
smartweed (Polygonum persicaria), and leafy sprurge (Euphorbia esula). In some cases,
non-native weeds are more susceptible than desirable native species (Tu et al. 2004).
Washburn and Barnes (2000) showed that the use of imazapic greatly reduced tall fescue
to allow NWSG to return in Kentucky grassland restoration projects.
Imazapic applications of 0.048 kg ai/ha is reported to control serrated tussock
(Nassella trichotoma) in Australian rangeland (Melland 1998). Cropland applications
applied at 72 g ai/ha controlled Johnsongrass, crabgrass, redroot pigweed (Amaranthus
retroflexus), sicklepod (Senna obtusifolia), and morningglory (Ipomoea spp) in corn
(Wilcut et al. 1999). Post-emergence application combined with crop rotations of corn,
peanut (Arachis hypogaea), and cotton (Gossypium hirsutum) controlled purple nutsedge
(Cyperus rotundus) (Warren and Coble 1999). Imazapic is also known to suppress
bahiagrass seedhead production (Baker et al. 1999).
A study by Harper et al. (2004) showed the effects of Plateau® with five species of
NWSG. Big bluestem, little bluestem, indiangrass, sideoats grama, and switchgrass were
sowed at 4.5 kg (10 lbs) PLS per acre in separate, duplicate plots by broadcast and no-till
methods in three different locations in Tennessee: Middle Tennessee Expt. Stat.,
Highland Rim Expt. Stat., Knoxville Expt. Stat. Plateau® was applied at the following
treatments: pre-emergence at 140 g a.i./ha; pre-emergence at 210 g a.i./ha; postemergence at 140 g a.i./ha; post-emergence at 210 g a.i./ha; control. Post-emergence
applications were conducted at the 4-5 leaf stage. Switchgrass plots, whether drilled or
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broadcast, that received treatments contained fewer plants than the control plots (Harper
et al. 2004).
Salon and van der Grinten (1997) conducted a study using Plateau® as a pre- and
post-emerge for the establishment of eastern gamagrass. The pre-emerge treatments (140
and 210 g a.i./ha) caused necrosis, followed by delayed emergence and stunted growth. A
spray chamber was used to apply the post treatments (70, 140, and 210 g a.i./ha) which
resulted in severe injury to the seedlings with a 0% survival at the 210 g a.i./ha rate
(Salon and van der Grinten 1997).
Imazapic is primarily degraded by soil microbial metabolism. It is moderately
consistent in soils, is not known to move laterally through with surface water, and does
not volatilize when applied in the field (Tu et al. 2004). Soil absorption increases with
decreasing pH and increasing clay and organic content. Imazapic half-life is 120 days due
to photolysis, and for microbial degradation ranges from 31 to 233 days. Imazapic has
limited lateral movement in soil, and generally moves 6-12 inches, but can reach depths
of 18 in. in sandy soils. The herbicide is soluble in water and is not degraded
hydolytically in aqueous solution (BASF 2006).
Imazapic is absorbed through the leaves, stems, and roots and is translocated
throughout the plant and concentrates in the meristematic regions. Treated plants stop
growing soon after treatment. Chlorosis appears in the newest leaves first. In perennials,
it kills underground storage organs that prevent regrowth. Chlorosis and necrosis may not
be apparent in some plants for several weeks after treatment. Complete kill may take
weeks or months (BASF 2006).
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The generation of a imazapic-resistant switchgrass population will allow more
efficient weed control during establishment. Due to the innate resistance to imazapic in
other NWSG, a cultivar of switchgrass that is also resistant would allow landowners and
managers to use one herbicide for broadleaf (i.e. 2,4-D) and Plateau® for annual grass
control. If biomass or foraging is the purpose of concern, fertilizer application during
first year of growth may further enhance establishment. This will also be beneficial in
areas where multiple species are of concern (i.e. prairie restoration or wildlife habitat
enhancements) or where monocultures are desired (switchgrass fields for
biomass/ethanol).

Seed Safeners
Herbicide safeners protect certain crops against herbicide damage by reducing the
ability of herbicide molecules to reach and bind to the targeted sites in the plant. This
may be attributed to: safener-induced stimulation of herbicide catabolizing enzymes,
reductions in herbicide uptake and translocation, or by safener-enhanced metabolism of
herbicides to immobile metabolites (Anderson 1996).
The observation of the interaction between the herbicides 2,4-D and 2,4,5-T by
Hoffman (1953) has led to the development of chemicals that can be applied along with a
herbicide to protect a crop from herbicide injury. This interaction led to the introduction
of naphthalic anhydride (NA) as the first commercial safener in 1971 against
thiocarbomate herbicides in corn (Abu-Qare and Duncan 2002). Seed treatments with the
safener NA stimulate in-vitro hydroxylation of bentazone, metolachlor, primisulfuron,
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nicosulfuron, triasulfuron, chlorsulfuron, chlorimuron-ethyl, diclofop-methyl,
chlorotoluron, and flumetsulam (Anderson 1996). At one time, NA was used as a seed
treatment to protect corn from toxic effects of soil applied thicarbonate herbicides such as
butylate, EPTC, and vernolate. NA also is responsible for inducing P450 monooygenases that enhance the metabolism of the imidazolinone herbicides, imazethapyr and
AC 263222. AC 263222 is currently registered for use in grasses, but has had reports of
injury, including maize. This problem has led to further development of safeners to
enhance tolerance, in particularly maize, to AC 263222 (Davies et al. 1998).
NA is reported as the most versatile safener (Abu-Qare and Duncan 2002). NA
has been proven to be less specific botanically and chemically than other safeners and
protects against a large variety of herbicides. NA is known to prevent thiocarbamate and
chloroacetanilide injury in maize, protects grain sorghum, rice, and oat (Avena sativa)
(Hoffman 1978). Naphthalic anhydride has a limited specificity and offers protection
when applied to the soil usually as a seed coating at a rate of 0.5% (w/w) of seed
(Hoffman 1978). Temperature, soil moisture, soil structure, and the rate of application
affect safeners in the field. High rates of NA have shown crop injury in maize and
sorghum (Theissen et al. 1980).
Early studies suspected that safeners worked through a single mechanism that was
common to all crop-herbicide safener combinations (Hatzios 1983). Later studies (Ezra
et al. 1983) described safeners working as a result of a series of multiple interactions
between safeners and herbicides. A safener’s effect on absorption of a herbicide could be
through a chemical interaction, a biochemical disruption, or competition at the site of
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entry with the herbicide. Safeners may alter herbicide metabolism by activating particular
functional groups in the herbicide. Another proposed safener mechanism of action is that
safeners may counteract the action of the herbicide by affecting physiological and
biochemical processes involved in the action of the herbicide (Hatzios 1983). In
summary, there is no defined mechanism by which all safeners work. The interaction of a
series of mechanisms is likely as opposed to a single step. The interference of safeners
with glutathione (GSH) and related systems is the most common hypothesis of explaining
the safening process (Abu-Qare and Duncan 2002).
The limited research determining the effectiveness on seed safeners has shown the
induction of herbicide selectivity in forages is possible (Griffin et al. 1988). NA has been
proven to protect perennial ryegrass (Lolium perenne) from alachlor [2-chloro-N-(2,6diethylphenyl)-N-(methoxymethyl)acetamide] yet failed to protect orchardgrass (Dactylis
glomerata) from EPTC (S-ethyl dipropyl carbamothioate) or butam [2,2-dimethyl-N-(1methylethyl)-N-(phenylmethyl)propanamide]. Sand bluestem (Andropogon hallii) was
protected from EPTC by the safener R-29148 and little bluestem was protected from
EPTC by CGA-43089 (Abu-Qare and Duncan 2002).
The Griffin study was initiated to determine the effects the seed safeners CGA92194, NA, and R-29148 had on protecting forage grasses from metolachlor and butylate.
Butylate and metolachlor represent two herbicide families (thiocarbamates and
acetanalides) which are used to control annual grasses. The grasses tested in this
experiment were: big bluestem, indiangrass, intermediate wheatgrass (Agropyron
intermedium), sideoats grama and switchgrass. The plot area, located at the University of
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Nebraska Research and Development Station near Mead, NE, was plowed and disked
twice just before herbicide application. Metolachlor and butylate were incorporated at 2.2
and 4.5 kg ai/ha per respectively. Plots were planted with seed coated with the different
treatments at 131 pure live seed m-1 with 6.1 m long rows spaced 0.8 m apart (Griffin et
al. 1988).
Big bluestem stand frequency was not greatly affected by herbicide/safener
combinations. NA treatment resulted in reduced stands when compared with the effects
of CGA-92194 and R-29148 (other safeners). Untreated intermediate wheatgrass stands
were reduced by the use of butylate, and more severely by metolachlor. Protection was
clearly seen in the treated seed with stands of 49, 58, and 53% compared to 39% for
unsafened wheatgrass seed. Sideoats grama stands were severely reduced in all
experiments. There was little response to safening, and herbicide response was not
sufficient enough to produce successful stands. Indiangrass response varied significantly.
Metolachlor and butylate reduced stands of unsafened seed. R-29148 protected
indiangrass better than the other two safeners. Switchgrass treated with NA and planted
to metolachlor treated fields produced excellent stands averaging 55% over a three years,
compared to stands of 17, 19, and 21% for control and 50% for untreated control. Highly
significant contrasts indicated that the response to NA was related to herbicide treatement
(Griffin et al. 1988). The combination of using metolachlor and NA on switchgrass
establishment could prove beneficial when atrazine-tolerant weeds are present or water
bodies are present in seeding area.
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CHAPTER III
MATERIALS AND METHODS

Imazapic Resistant Switchgrass

First Generation Selection
Selection for herbicide resistance was conducted using methods similar to the
study performed by Bahler and others (1983). Heavy duty plastic and metal trays
measuring 51.5cm x 36.5cm were used to hold the germinating seedlings during growth
and also allowed for easy maintenance and efficient application of herbicide. The testing
was conducted in a greenhouse that maintained a nightly temperature of 20oC and a daily
temperature of 30oC. Before the autumnal equinox, day length was not supplemented for
the experiment. After the equinox, light was extended to 16 hrs. Day length is a concern
due to switchgrass’ photoperiodic nature.
Eight trays represent a replicate, which were repeated over time. Each tray was
filled with autoclaved field soil approximately 3/4 full. A 2.5 cm x 30.5 cm piece of PVC
pipe was used to form ten micro-furrows spaced at 5 cm within each tray. Nine of the ten
rows were planted with approximately 1500 Alamo switchgrass seed (Sharp Brothers,
Healy, KS). The remaining, randomly selected row was planted with 250 indiangrass

29

seed (MSU 3rd cycle of selection for precocious germination). After seed were evenly
dispersed within each furrow, flats were top-dressed with 0.63 cm of autoclaved field
soil. The trays were watered on a daily basis. Emergence of the seedlings usually took
place 6-8 days after planting. Once the seedlings broke the surface, they are allowed to
grow to the three leaf stage (approximately 14 days). A calibrated spray chamber was
used to apply the herbicide to the seedlings in the trays. For imazapic, the recommended
rate is 140 g a.i./ha on mixed grassland, applied with less than 93.54 liters of water per
hectare, sprayed at a constant pressure of 40 psi. A spray adjuvant (nonionic surfactant)
was added to the formulation. In order to achieve the correct amounts for the spray
mixture, the following calculations were made:
(8 fl.oz./1 ac.) x (1 ac./15 gal.sol.) x (1 gal./128 fl.oz.sol.) x (20 f.oz.sol./1 bottle) x
(3785 ml/128 fl.oz.) = 2.46 ml/1 bottle H2O

(3-1)

The formulation requires 2.46 mls of Plateau©, 1.5 mls of surfactant, and 556 mls of
water to fill the spray bottle for the chamber. The trays were placed two at a time in the
chamber and sprayed at a fixed speed (0.84 km/hr or 5.5 mph) to ensure proper dosage.
A dose response curve was conducted on the sixth trial to determine the rate of
Plateau© that would kill a majority of the switchgrass seedlings (Table 1). The upper
limit was 245 g a.i./ha, which exceeded the labeled rate for big bluestem and indiangrass.
Trays were planted with eight micro-furrows of switchgrass, one row indiangrass
(imazapic resistance check), and one row large crabgrass (susceptible check). Single
trays were sprayed ranging from 35 to 245 g a.i./ha rates. One tray was not sprayed.
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Table 1. Dose response curve determining the rate of Plateau® that would kill a majority
of ‘Alamo’ switchgrass (Panicum virgatum) seedlings. Ratings are based on a
scale of 1 to 5. Five represents death. Dosages are from 0 to 245 g a.i./ha.
Date

†

Rate (g
a.i./ha)

25-Sep

3-Oct

9-Oct

16-Oct

23-Oct

30-Oct

6-Nov

0

0†

0

0

0

0

0

0

35

0

1

1

2

3

4

4

70

0

1

1

2

3

4

4

105

0

1

2

3

4

5

5

140

0

1

2

3

4

5

5

175

0

1

2

4

4

5

5

210

0

1

2

4

4

5

5

4

5

5

245
0
1
2
4
Ratings were conducted once a week for seven weeks.

Eight trays represented the curve and were assessed on the amount of discoloration
relative to the unsprayed tray. Ratings were conducted once a week for seven weeks.
Individuals surviving the initial screening of the first dose of herbicide were
transplanted to 500 ml pots and maintained in the same greenhouse. The seedlings were
sprayed again with the second application of imazapic at a 245 g a.i./ha rate to insure
complete tolerance. An isolated crossing block was established in the field with the
seedlings being separated 400 m from other switchgrass crossing blocks. Seed was
harvested from the crossing block from October to November, 2008. Since the seed fully
ripens sequentially, a vacuum was used to remove only the seed from the panicle that had
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Analysis of progress is based on Chi square analysis which measures the deviation
of population based on expected genetic outcomes.

Second Generation Selection
Subsequent testing of the first generation seed/seedlings was conducted the same
manner as the initial herbicide screenings. The planting of the trays consisted of 8 rows
of the first generation, one row Alamo, and one row indiangrass. The trays were sprayed
with a 140 g a.i./ha rate to confirm resistance. Results showed that more selection was
needed in order to increase the levels of resistance. Therefore, a second generation was
developed using the same protocol used to generate the first generation.
Selections for the second generation were taken from screenings of the previous
generation. Seed of the Cycle 2 crossing block is pending.

Safener Testing
Seed safener trials were also conducted on Alamo switchgrass in the summer of
2008 to evaluate the effects of six “antidotes” for the preemergent herbicides:
metolachlor, nicosulfuron, and imazapic. Five safeners were used along with two
controls: oxabetrinil (active ingredient in Concep II®), fluxofenim (active ingredient in
Concep III®), proprietary chemical (labeled iso-X), benoxacor, naphthalic anhydride,
fenclorim, control 1 (no herbicide, no safener), and control 2 (no safener with herbicide).
A dose response curve was developed to determine the amounts of each safener
that would give maximum safety from herbicide without adversely affecting seed
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germination. The rates of safener for the curve were calculated as a percentage of the
published recommended amounts for each safener. The recommended rates (Table 2) are
as follows: oxabetrinil 45 g/25 kg of seed (Kreuz et al. 1989), iso-X 0.05-1.0 g/kg of seed
(D. Reynolds, personal communication 2008), benoxacor 10-200 g/ha (Smith et al. 2004),
naphthalic anhydride 300-1000 g/ha (Griffin et al. 1988), fenclorim 2.5 g/50 g of seed
(Wu et al. 1996), fluxofenin 0.4 g/kg of seed (Syngenta 2008). Petri dishes were labeled
with the percentages based on the recommended rates. Percentages used were: 25, 50, 75,
100, 125%, and control. Seed, safener, and water were mixed thoroughly with
corresponding values for amounts that are to be used in the field. The seed were allowed
to dry for 48 hours. One-hundred seed were counted for each dish with four reps for each
dose x safener. Counts of germinated seed were conducted to determine if the safeners
had any affects on emergence.

2008 Field Trials
The field experiment tested the effects of the safeners to their specific herbicides.
The safeners were tested on two-row plots in a randomized complete block split plot of
four reps. The rows were on 50.8 cm (20 in) centers and 3.05 m (10 ft) long with one rep
being 16 rows wide. Rows were planted at a 10 kg/ha (10 lb/A) rate with each row
containing 2.1 g of Alamo switchgrass seed per 3.5 m row. Dual II Magnum® (83.7% s metolachlor) was pre-plant incorporated at a rate of 1.4 kg a.i./ha for the rows that were
safening against metolachlor. Accent® (75% nicosulfuron) was applied post-emergence
at a rate 35.17 g a.i./ha for the rows that were safening against nicosulfuron. For best
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Table 2. Herbicides and safener antidotes used in switchgrass (Panicum virgatum) 2008
safener trial. Herbicide rates are label recommendations, safener rates are
published literature.
Safener

Protects
Against

Application
Method

Herbicide
Rate

Published
Safener Rate (per
3 m row)

Oxabetrinil

Metolachlor

Pre-emerge

1.38 L/ha

74 mg
(Kreuz et al. 1989)

Benoxacor

Metolachlor

Pre-emerge

1.38 L/ha

35 mg
(Smith et al.
2004)

Iso-X

Nicosulfuron

Post-emerge

48.7 ml/ha

0.0006 ml
(D. Reynolds,
personal
communication
2008)

Fluxofenin

Metolachlor

Pre-emerge

1.38 L/ha

0.02 ml
(Syngenta 2008)

Naphthalic
Anhydride

Nicosulfuron,
Imazapic,
Metolachlor

Post-emerge,
Pre-emerge,
Pre-emerge

1.0 L/ha
0.87 L/ha
1.38 L/ha

177 mg
(Griffin et al.
1988)

Fenclorim

Pretilachlor

Pre/Postemerge

1.5 L/ha

0.118 mg
(Wu et al. 1996)

results in maize, Accent® should be applied early post-emergence, when weeds are small,
preferably when maize is less than 30 cm (12 in), therefore application was made when
switchgrass seedlings were in the four leaf stage (du Pont de Nemours and Company
2008). Data were collected and analyzed. Since there was no seedling emergence in five
of the six tested safeners, no statistical analysis was required.
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2009 Field Trials
The combination of Dual II Magnum® and Concep III® proved somewhat
successful in the 2008 field trials. Therefore, this combination was tested in a larger field
trial in the spring of 2009. Eleven switchgrass cultivars, 4 safener treatments, and 4
controls were planted in 4 locations. The trial consisted of 50.8 cm (20 in) row spacings
3.96 m (13 ft) long with a 5.44 kg (12 lb) seeding rate. The seeding rate remained
constant across all treatments, regardless of germination percentage. Planting by pure
live seed (PLS) would increase the dosage of the safener within the row. Treatments
were composed of varying rates and combinations of safener and fungicide (Table 3).
Seed treatments were accomplished by Dr. Alan G. Taylor and the seed testing lab
at Cornell University in Geneva, NY. The seed lots were brushed with Westrup® brushing
equipment, air seperated in a batch air column at PGRU and a velvet roll was used on one
lot that contained ergot in Stutevant. The coating was applied using a binder L 1803 and
MJJ-10E in the R-6. The batch size was 60 g. Cultivar and germination percentages are
recorded in table 4. Controls included: two no safener treatments, and two no fungicide
treatments. The “no safener” controls were Alamo switchgrass, one with no safener (plot
was treated with herbicide) applied and the other with no safener applied along with no
Dual II Magnum® applied. The no fungicide controls were Alamo and Kanlow seed lots
with safener applied at 1X, 0.5X, and 0.25X rates only.
Field was arranged as a split-plot design with four replications with the main
effect being the safener treatment. The split effects were the cultivar and four locations.
Seedling emergence counts were corrected due to the differences in germination across
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Table 3. Safener treatments applied to ‘Alamo’ switchgrass (Panicum virgatum) seed by
Dr. Alan Taylor at Cornell University, Geneva, NY. Treatments are
combinations of fungicides and safener.
Treatment

Chemical
Names

Trade Names

Application
Rate

Rate (mg ai /
100 g)

1

Captan
Metalaxyl

Captan 400®
Allegiance®

8.25 fl oz / cwt
0.75 fl oz / cwt

245
15

2

Captan
Metalaxyl
Fluxofenin

Captan 400
Allegiance
Concep III

8.25 fl oz / cwt
0.75 fl oz / cwt

245
15
10

3

Captan
Metalaxyl
Fluxofenin

Captan 400
Allegiance
Concep III

8.25 fl oz / cwt
0.75 fl oz / cwt

245
15
20

4

Captan
Metalaxyl
Fluxofenin

Captan 400
Allegiance
Concep III

8.25 fl oz / cwt
0.75 fl oz / cwt

245
15
40
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Table 4. Individual genotype germination and seed evaluation results from the varieties
tested in the 2009 safener trial. Seven, fourteen, and total germination means
were obtained under alternating temperature regimes during long days (16 hrs)
of 15o night/30o day.
Treatment
Genotype

15/30o
7 Day

15/30o
14 Day

15/30o
Total

Dormant

Dead

Empty

Pangburn

14

12

26

2

38

34

Kanlow

0

2

2

4

94

0

Sunburst

86

4

90

4

6

0

Trailblazer

42

18

60

10

28

2

Alamo

12

6

18

12

54

16

Dacotah

84

6

90

0

10

0

Blackwell

0

0

0

0

100

0

Forestburg

90

0

90

0

10

0

Summer

68

8

76

12

8

4

Cave-inRock

80

0

80

0

16

4

Cycle 6

74

4

78

4

18

0

cultivars. This was achieved by multiplying the number of seedlings in the randomly
selected area within the row by the inverse of the germination percentage (post-safener
application) plus one. Statistical analysis was conducted using PROC MIXED (p $0.05).
Treatment, variety, and treatment by variety interactions were compared for each week’s
ratings.
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Locations of the field trials were Mississippi State University, Starkville, MS;
South Dakota State University, Brookings, SD; Iowa State University, Ames, IA; and
Virginia Polytechnic Institute, Blacksburg, VA. Establishment problems occurred in each
of the locations except for Ames, IA and Starkville, MS. Problems included depth of
planting, frequent and extensive rain, and pre-plant weed control. Final evaluation is
pending for off-site locations.
Planting date for Starkville, MS was May 20, 2009. Dual II Magnum® was applied
at a 1.4 kg a.i./ha immediately following planting. The rows containing the no safener, no
herbicide (NS/NH) control were covered with heavy plastic to prevent the herbicide from
contacting the soil surface.
Two nitrogen applications (60.5 kg/ha or 50 lb/A) in the form of ammonium nitrate
(34% nitrogen) were applied to the field on June 25, and July 15, approximately one and
two months after planting, respectively.
Data collected on the field trials (split plot) were seedling emergence counts, weed
control ratings, and end of season yields. Emergence counts were taken by tallying the
number of seedlings within a 15 cm (6 in) randomly selected area within each row every
other week, beginning two weeks after planting. Data for emergence ratings were
corrected for differential germination by multiplying the inverse of the germination
percentage (post-fungicide) plus one by the number of seedlings per 15 cm. Weed
control ratings were based on a scale of 1 to 5 with 1 describing very poor weed control,
and 5 describing excellent weed control (Table 5). End of season harvests were
conducted using a custom Carter® flail harvester with an on-board scale. Grab samples
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Table 5. Weed control ratings for the 2009 safener field trial. Scale is based on a 1 to 5
rating with 1 describing very poor weed control and 5 describing excellent
weed control.
Rating

Description

1

very poor weed control; weed competition suppresses growth and emerging
seedlings are not able to establish (greater than 75% of plot covered in
weeds).

2

poor weed control; weed competition is present, but some seedlings emerge
and will survive (greater than 50% of plot covered in weeds).

3

average weed control; slight weed pressure (greater than 25% of plot
covered in weeds).

4

good weed control; minimal weed pressure, seedlings have little if any
weed competition (up to 25% of plot covered in weeds).

5

excellent weed control; no weed pressure.

were collected and weighed to account for percent moisture. End of season yield,
emergence counts, and weed ratings along with interactions between treatments, weeks,
and varieties were analyzed using PROC MIXED (p $0.05).
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CHAPTER IV
RESULTS AND DISCUSSION

Development of Imazapic Resistant Switchgrass
Herbicide screening of seedlings produced from the first cycle polycross of
selection showed a mortality rate greater than 75%, indicating resistance displayed in the
elite parental population (selected parents) did not completely transfer to the progeny.
The inheritance of this trait to second cycle screenings may be attributed to a
misconception of switchgrass genetics, faulty selection of the original parents, or foreign
pollen contamination of the crossing block.
The assumption, based on a preponderance of literature was that imazapic
resistance was conferred by a dominant or semi-dominant and unlinked trait which is
exemplified in allohexaploid wheat (Tan et al. 2005). As stated in the literature review,
higher levels of imazapic resistance were achieved in wheat by stacking tolerant alleles
on to the different genomes of a single genotype. Acceptable tolerance can be achieved
through a single pair of resistant alleles, however two additional non-allelic genes are
required for complete resistance in spring wheat (one on each genome).
The genetic status of lowland switchgrass is yet to be determined. There is some
question as to the ploidy nature of switchgrass; autoploid or alloploid (M. Cassler, J.
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Bouton, personal communications, 2008). In a study by Missaoui et al. (2005), the
authors attempt to determine whether switchgrass is an autoploid or an alloploid. Their
investigation of genetic markers in switchgrass, based on the combination of simplex to
mutiplex ratios and the repulsion to coupling linkages, would seem to indicate lowland
switchgrass is likely an autotetraploid with a high degree of preferential pairing between
the quadravalents (two pairs of homologous chromosomes). If switchgrass is an
autotetraploid, and resistance is dominant, the offspring should have two phenotypes;
completely resistant or not resistant at all. The initial screenings for the first generation
seemed to follow this pattern. Seedlings either survived, or died; there were no varying
levels of resistance.
Herbicide selection for resistance ( R ) to ALS alleles (acetohydroxyacid synthase
or AHAS) is reportedly dominant over susceptible (s) alleles (Tranel and Wright 2002;
Tan et al. 2005). According to these researchers ALS resistance follows normal
Mendelian (nuclear) inheritance, therefore ‘r’ ALS alleles are disseminated by both pollen
and ovule. The genetics of ALS-inhibiting herbicide resistance suggests that resistance is
conferred by a single, dominant gene, and may partially account for the high frequency of
resistance to ALS inhibitors found in other weedy species. Single, dominant, Mendelian
inheritance predicts a simple segregating ratio (such as 3:1; 1:2:1; and 9:3:3:1). Other
evidence previously discussed in the review of literature confirming this type of
inheritance includes the van Eerd et al. (2004) study where resistance was inherited in
bedstraw due to a single, dominant nuclear trait. Jiang and Tranel (2002) observed this
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inheritance in common cocklebur and common ragweed and discovered that ALS
resistance was highly variable in ragweed, but not cocklebur.
In our initial screenings for Cycle 0, 63 individuals were selected out of 306,000
seedlings (selection intensity of 0.0205%). During the screenings of Cycle 1, 29
seedlings were selected out of 36,441 seedlings (selection intensity of 0.0795%). This
data suggests that at a low rate, herbicide resistance can spread throughout the species,
similar to Franssen et al. (2001) findings with inheritance of ALS resistance in
Amaranthus spp.
Punnet squares were assembled to model the putative parental genotypes with the
observed array of offspring. Cycle 0 individuals (elite selections of Alamo) were
assumed to have minimal resistance. The Punnett squares were constructed so alloploid
or autoploid parents would accumulate single dominant alleles (Tranel and Wright 2002;
Van Eerd et al. 2004). There were three possible outcomes to these crosses:
1. The first portrays the parents as being autotetraploids and having one
dominant resistant trait (i.e. Rrrr) (Table 6).
Autotetraploids are complicated by each allele being present more than twice and
by the occurrence of multivalent associations of chromosomes at meiosis (Briggs and
Knowles 1967). When considering an autotetraploid, five possible genotypes may be
obtained (i.e. RRRR, RRRr, RRrr, Rrrr, rrrr). If R is completely dominant, only two
phenotypes will be possible (resistant and susceptible), but if it is incompletely dominant
(semi-dominant), there may be up to five phenotypes. Since tetraploids are
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quadravalents, predicting gamete formation can be achieved by pairing any combination
of the alleles.

Table 6. Putative autotetraploid cross of two parents with minimal resistance. Bold
alleles indicate susceptible individuals in a 3:1 ratio (27:9;
resistant:susceptible).
Parents

Rrrr X Rrrr

Gametes

Rr

Rr

Rr

rr

rr

rr

Rr

RRrr

RRrr

RRrr

Rrrr

Rrrr

Rrrr

Rr

RRrr

RRrr

RRrr

Rrrr

Rrrr

Rrrr

Rr

RRrr

RRrr

RRrr

Rrrr

Rrrr

Rrrr

rr

Rrrr

Rrrr

Rrrr

rrrr

rrrr

rrrr

rr

Rrrr

Rrrr

Rrrr

rrrr

rrrr

rrrr

rr

Rrrr

Rrrr

Rrrr

rrrr

rrrr

rrrr

If ALS-resistance is dominant, the segregating array in an autoploid would be
either resistant or not - there are no gradients of resistance. Assuming that ALSresistance is a dominant trait as reported by Tranel and Wright (2002), the observed
outcome (resistance expression in the progeny) would be 75% resistant. Mortality of
progeny was greater than 75%. This does not match the Chi square (P < 0.001%). Were
this the correct model, the cross would allow only 25% mortality.
If ALS-resistance were incompletely (semi) dominant as suggested by Tan et al.
(2005) and Perez-Jones (2007) there would be five possible genotypes, but only three
phenotypes observed (completely resistant, semi-resistant, susceptible) from this putative
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cross. We did not observe intermediate resistance in the initial screening of Alamo. This
cross hypothesized (dominant autoploid) above produces a 3:1 ratio of resistant to
susceptible progeny. However, Tan et al. (2005) suggest that ALS resistance may be
governed by semi-dominance. The cross of these same parents, if the trait is semidominant, would result in a ratio of 1:2:1 (completely resistant:semiresistant:susceptible). Again, we did not observe intermediates in the initial screening.
However, after the screening of Cycle 0, segregation into the semi-dominant ratios can be
observed (Figure 1). Surviving individuals are separated into semi-resistant (poor
seedling vigor; obvious signs of herbicide damage) and completely resistant (good
seedling vigor; little to no observed herbicide damage).
2. The second possible outcome perceives switchgrass as an allotetraploid
(Table 7).
Morphologically, an allotetraploid is an intermediate between it’s parental species,
and will resemble the hybrid between these species (Briggs and Knowles 1967). Being a
tetraploid, resistant genes must be deployed on both genomes (i.e. ARArDRDr) to confer
complete resistance. Gametes are formed in allotetraploids as bivalents. It is assumed
that members of each pair come from separate genomes, where chromosomes of two
genomes are similar (homeologous), but not homologous. As with wheat (Tan et al.
2005), one resistant allele on a single genome may offer minimal resistance, but full
resistance is conferred by R alleles on all (three) genomes. Still assuming that a dominant
trait was being selected for, a cross between two resistant parents (RrRr x RrRr) results in
a 1:2:1 ratio of completely resistant to semi-resistant to susceptible progeny. Mortality

44

rates ( > 75%) from our screening do not fit this model either. Chi square analysis
showed that the probability of this outcome is less than 0.001%.

1A

1C

1B

1D

1E

Figure 1. Segregation groups of resistant alleles can be observed in the second
generation screening: (1A) level of resistance increases from left to right;
(1B) resistance is quickly diminished which leads to death; (1C) obvious
herbicide damage including buggy whipping and discoloration; (1D) slight
herbicide damage usually consisting of slight discoloration; (1E) and fully
resistant, no herbicide injury.
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Table 7. Putative allotetraploid cross with parents containing a resistant allele on each
bivalent pair. Bold alleles indicate susceptible individuals in a 15:1 ratio
(resistant:susceptible).
Parents

RrRr X RrRr

Gametes

RR

Rr

Rr

rr

RR

RRRR

RrRR

RrRR

rrRR

Rr

RRRr

RrRr

RrRr

rrRr

Rr

RRRr

RrRr

RrRr

rrRr

rr

RRrr

Rrrr

Rrrr

rrrr

3. The final possible combination is another allotetraploid cross between two
parents that have a resistance allele on one or the other genome
(i.e. ARArDrDr x ArArDRDr) (Table 8).
This cross is conducted on the premise that recessive alleles, not dominant, confer
resistance (as suggested for other herbicides; van Eerd et al.. 2004). This cross produces
a 3:1 ratio with some displaying an intermediate resistance. Unfortunately, this still
leaves us with a relatively low mortality (25%) to match the Chi square thus not
portraying the same results as the second generation testing. Chi square analysis shows
the possibility of this occurring is less than 0.001%.
A 2009 side-by-side comparison between Alamo and the Cycle 0 seed was
conducted. Trays were sprayed with the recommended rate of Plateau® (35 g a.i./ha) and
seedling counts were taken three weeks after application to assess the damage. Eight
trays were planted with nine rows of Cycle 0 and a single row of Alamo. The average
percentage survival for the seedlings per row was 2.98% for Alamo and 13.79% for Cycle
0. While none of the proposed Mendelian inheritance scenarios predicts this behavior
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Table 8. Putative allotetraploid cross with parents possessing a resistant allele on either
bivalent. Assumption is made that recessive alleles confer resistance. Bold
alleles indicate resistant individuals 3:1 ratio (susceptible:resistant).
Parents

Rrrr X rrRr

Gametes

Rr

Rr

rr

rr

rR

RrRr

RrRr

rrRr

rrRr

rr

Rrrr

Rrrr

rrrr

rrrr

rR

RrRr

RrRr

rrRr

rrRr

rr

Rrrr

Rrrr

rrrr

rrrr

even with an additional generation’s data. The results of this comparison demonstrate an
increase in resistance from one generation to another.
Since none of the crossing scenarios produced segregating ratios that were
consistent with the screening results, there must be external factors prohibiting us from
achieving our goal of a highly ALS resistant population. One possible answer could be
contamination of the crossing block by foreign non-elite switchgrass pollen. When
establishing crossing blocks of a cross pollinated species, crossing blocks should be
established far enough away from one another to prevent the contamination of the block
by pollen blown in from other non-selected populations. The location of Cycle 0
imazapic resistant switchgrass block was established at a sufficient distance, but southeast
(in the path of most winds) of another crossing block of switchgrass used for breeding of
precocious germination (Figure 2). Pollen contamination from the other breeding project
would inevitably result in undesirable progeny.
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Figure 2. Location of Cycle 0 crossing block in relation to other breeding blocks on
MAFES North Farm in Starkville, MS. The black square represents Cycle 0,
while the stars represent other breeding block locations (N 8).

Another possible reason for failure could be faulty selection of elite genotypes
from the original parent population. If any of the individuals of the parent population are
not truly resistant (escaped selection) and they were included in the block, their pollen
would contaminate the entire block, diluting resistance selection. In the screening of
Cycle 0, damaged seedlings (semi-resistant) were allowed, and included in the crossing
block to maintain numbers to prevent inbreeding. This was not so in the selection of
Cycle 1.
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Selection for Cycle 1 of imazapic resistant switchgrass was conducted using the
same methods as for Cycle 0. However, the second crossing block was established in an
isolated location and only consisted of individuals that showed complete resistance.
Subsequent screenings for the second generation seedlings displayed levels of resistance:
some were unaffected by the herbicide application; some seedlings displayed some
herbicidal injury, but grew out of the injury; and a majority were completely susceptible
(i.e. dead). Based on these limited screening results increased levels of resistance are
should be possible in future generations. Table 9 demonstrates a hypothetical
autotetraploid cross between two parents with increased levels of resistance. If dosage of
R alleles affects resistance (semi-dominance), accumulating more R alleles in individuals
of the population should give rise to a population of quadraplexes (RRRR). Testing for
Cycle 1 is pending.

Seed Safening

2008 Field Trials
Testing of dose response and germination percentages were conducted for the 2008
safener field trial. Six safeners were tested at six dosages (Table 10). Optimal dosages
were chosen based on recommendations from literature (Table 2) and on the greatest
relative germination percentage derived by analysis of variance. Germination results for
safener dose response curve were analyzed as a randomized complete block (6 safeners x
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6 dosages) with 6 replications. PROC ANOVA was used to separate mean germination
(p $0.05). If significant differences were not observed, numerically greatest germination

Table 9. Putative autotetraploid cross between parents possessing increased levels of
resistance. Bold alleles represent susceptible individuals in a 35:1 ratio
(resistant:susceptible) if complete dominance is functioning; 1:8:18:8:1 [most
resistant (RRRR) to least resistant (rrrr)] if dosage affect is functioning.
Parents

RRrr X RRrr

Gametes

RR

Rr

Rr

Rr

Rr

rr

RR

RRRR

RRRr

RRRr

RRRr

RRRr

RRrr

Rr

RRRr

RRrr

RRrr

RRrr

RRrr

Rrrr

Rr

RRRr

RRrr

RRrr

RRrr

RRrr

Rrrr

Rr

RRRr

RRrr

RRrr

RRrr

RRrr

Rrrr

Rr

RRRr

RRrr

RRrr

RRrr

RRrr

Rrrr

rr

RRrr

Rrrr

Rrrr

Rrrr

Rrrr

rrrr
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Table 10. Mean germination percentage of ‘Alamo’ switchgrass by safener dose
response. Seed was soaked in corresponding safener and allowed to dry for 24
hrs prior to germination testing. Germinated in a Petri dish, six replications of
100 seed in each treatment.
Safener

125%
Rate

100%
Rate

75% Rate 50% Rate 25% Rate

0%
Control
(no
safener)

Oxabetrinil

40.5

B†

54.0

A

50.5

AB

46.5

AB

51.5

AB

41.25

Benoxacor

49.0

A

51.0

A

52.0

A

47.5

A

47.0

A

41.25

Iso-X

43.0

A

44.5

A

48.7

A

48.2

A

42.0

A

41.25

Fluxofenin

31.7

AB

32.0

AB

26.5

B

31.7

AB

34.5

A

41.25

NA‡

28.5

BC

27.5

BC

25.5

C

34.5

AB

40.5

A

41.25

Fenclorim

45.2

AB

42.5

BC

43.5

BC

50.5

A

38.0

C

41.25

†

Letter following mean germination indicates statistical difference across the row (rate) (p
$0.05).
‡
Naphthalic Anhydride

dose rate was used. Transformation of germination percentage was not necessary because
germination ranged from 20% to 80%. Rates chose are listed as follows (100% = 1x
rate): oxabetrinil 100% (53% germ; Kreuz et al. 1989); iso-X 75% (48% germ; Reynolds,
personal communication, 2008); fluxofenin 25% (35% germ; Syngenta 2008); benoxacor
75% (51% germ; Smith et al. 2004); naphthalic anhydride 125% (41% germ; Griffin et
al. 1988); fenclorim 50% (50% germ; Wu et al. 1996).
For 2008, the chosen safeners were applied as a soak to Alamo switchgrass seed
and planted in the initial safener trial on June 4. Statistical analysis of the data was not
necessary because field ratings taken three weeks after planting showed that the safener
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fluxofenin (Concep III®) was the only safener to provide any protection against
metolachlor (Table 11). A second field rating was conducted five weeks following
planting, and fluxofenin continued to provide protection (data not shown). All weeds
were controlled, except for bermudagrass. Seedling counts were taken seven weeks after
planting. Replicate 1 had eight Alamo seedlings in a 3 m row, followed by rep 2 with 31
seedlings, rep 3 with 58, and rep 4 with 13. No end of season yield data was taken in
2008.

2009 Field Trials
The 2009 Starkville, MS safener field trial using polymer-coated seed provided by
Cornell University at Geneva, NY indicated significant differences between treatments
and varieties in all four emergence counts, but no significant differences for weeks (p $
0.05). Plot layout consisted of a split-plot design with four replications using safener
treatment as the main effect, and cultivar and location as split effects.
Of the four ratings taken (two, four, six, and eight weeks), week 4 was determined
to be the optimal rating time for assessing establishment effectiveness (Table 12, week 4).
Week four was chosen to allow the safener coating to fully protect the seed from
themetolachlor and allow time for establishment. In earlier weeks, faulty safening may
have allowed emergence without protection, thus killing the seedling. The control
(NS/NH; no safener and no herbicide) had the greatest mean number of seedlings per 15
cm with a mean of 11.78 (Table 12). Treatment 4 (full rate of Concep III; polymer
coated) had a mean of 11.47. The control (no safener and no herbicide) and Treatment 4
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Table 11. Field rating conducted on June 30, 2008. Ratings are based on a 0 to 4 scale
with 0 representing no emergence, and 4 representing maximum emergence.
Field treated with 1.4 kg a.i./ha rate metolachlor.
Rep

Oxabetrinil

Benoxacor

Fluxofenin

Nap.
Anhy.

Fenclorim

No
Safener

1

0

0

1

0

0

0

2

0

0

3

0

0

0

3

0

0

4

0

0

0

4

0

0

1

0

0

0

Table 12. Field trial of 2009 total mean number of seedlings per row for each week’s
rating. Field treated with 1.4 kg a.i./ha rate of metolachlor.
Time
Week 2

Week 4

Treatment

Week 6

Week 8

- - - - mean number of seedlings per row - - - -

NS/NH

12.07

A†

11.78

A

11.50

A

12.36

A

NS

01.15

C

00.57

C

00.28

C

00.00

D

4

12.22

A

11.47

A

10.92

A

11.63

AB

3

08.10

AB

06.91

ABC

08.17

AB

08.19

ABC

2

08.18

AB

06.69

ABC

06.62

AB

07.48

ABC

1

06.60

ABC

04.92

BC

05.02

BC

05.79

C

100

01.85

BC

04.37

BC

04.62

BC

06.68

BC

50

08.55

AB

06.97

ABC

07.36

AB

09.22

ABC

25
06.87
ABC 08.59
AB
09.42
AB
10.15
ABC
Letter following mean number of seedlings denotes differences between means within a
column (treatment effects). Means were separated by LSD at p # 0.05.
†

53

had significantly more seedlings per 15 cm than Treatment 1 (polymer treated with no
safener; 4.92 seedlings), Alamo 100 (4.38 seedlings), and the other control (no safener).
Treatment 4, therefore, does not negatively affect establishment. Higher soaking rates for
the treatments mixed at Mississippi State (25, 50, and 100 for Alamo and Kanlow)
showed that as soaking dosage increases, the mean number of seedlings decreases
significantly.
The significant differences between cultivars was expected as varieties are adapted
to certain regions, therefore the upland varieties (i.e. Sunburst, Kanlow, Forestburg,
Pangburn, Summer, and Dacotah) did not perform as well as the lowland varieties in
Starkville, MS. The variety with the greatest average number of seedlings in the week 4
rating was Alamo (25% safener soak) with 16.14 seedlings. This was significantly
greater than all other varieties (Table 13).
Comparisons of treatments for the cultivar Alamo were made (Table 14). The
Mississippi State 25% safener treatment had significantly more mean seedlings per linear
15.24 cm at week 4 than any other treatment. Over all emergence ratings, the Mississippi
State 25% and 50% safener treatments were significantly higher than all other treatments.
On another point of interest, treatment 1 (no safener) was numerically greater than the NS
control for each week’s rating (p $0.05).
The same comparison was made for the lowland cultivar Kanlow (Table 15).
There were no significant differences between treatments for any week’s ratings (p
$0.05).
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Table 13. Field trial of 2009 treatment by cultivar performance based on mean number
of seedlings established per linear 15.24 cm (6 in) at four weeks.
Treatment

Cultivar

Mean
Number of
Seedlings
per 15.24
cm

Germination
Percentage

1 (No safener)

Sunburst

10.50†

42

2 (0.25x Safener)

Cave-in-Rock

14.00

86

3 (0.50x Safener)

Cave-in-Rock

13.75

86

4 (1x Safener)

Cave-in-Rock

20.25

86

Control (No safener)

Alamo

00.50

40

Control (No saferer, No
herbicide)

Alamo

10.25

40

Alamo 25

Alamo

07.25

40

Alamo 50

Alamo

09.75

40

Alamo 100

Alamo

02.00

40

Kanlow 25

Kanlow

01.25

8

Kanlow 50

Kanlow

00.50

8

Kanlow 100
Kanlow
00.25
8
Seedling counts are corrected for germination percentage to equate to pure live seed
estimates.

†
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Table 14. Mean emergence counts (per linear 15.24 cm) for the cultivar ‘Alamo’ in the
2009 Safener Variety Trial.
Time
Treatment

†

Week 2

Week 4

Week 6

Week 8

100

03.36

BC†

08.40

ABCD

09.24

ABC

13.02

AB

50

16.41

A

12.20

AB

14.72

A

18.09

A

25

12.00

AB

16.14

A

17.80

A

18.21

A

4

08.19

ABC

03.19

BCD

04.55

BC

06.37

BC

3

00.00

C

00.91

DC

01.82

BC

02.28

C

2

08.65

ABC

01.37

BCD

00.46

C

01.82

C

1

01.37

BC

01.37

BCD

02.28

BC

02.28

C

NS/NH

12.08

AB

11.79

ABC

11.50

AB

12.36

AB

NS
01.15
BC
00.58
D
00.29
C
00.00
C
Letters denote significant differences between treatments for each week (p $0.05).
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Table 15. Mean emergence counts (per linear 15.24 cm) for the cultivar ‘Kanlow’ in the
2009 Safener Variety Trial.
Time
Treatment

†

Week 2

Week 4

Week 6

Week 8

100

0.35

A†

0.35

A

0.00

B

0.35

A

50

0.70

A

1.75

A

0.00

B

0.35

A

25

1.75

A

1.05

A

1.05

AB

2.10

A

4

2.97

A

1.49

A

2.48

A

2.97

A

3

1.98

A

0.99

A

1.49

AB

0.99

A

2

1.98

A

0.00

A

0.50

AB

0.99

A

1
0.99
A
1.98
A
0.00
B
0.50
A
Letters denote significant differences between treatments for each week (p $0.05).

There were no significant differences observed in weed control between treatments
(p $ 0.05). However, there were significant differences in weed control between
varieties. In terms of varieties, upland varieties, in particular Dacotah and Forestburg, do
not provide as much shade as the lowland varieties, thus permitting more sunlight to
reach the soil surface and ultimately “encouraging” weed competition. The Starkville,
MS treated Kanlow (25% safener soak) had a significantly greater mean rating (5.00) than
all other varieties. Germination percentages are also a factor in weed control as the
varieties with greater germination had less weeds than the varieties with lower
germination (i.e. Cave-in-Rock 80.00% vs. Blackwell 0.00%; post fungicide germination
percentages). The interactive relationship between treatment by week and treatment by
variety can be attributed to the amount of shading that takes place throughout the season.
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Significant differences in weeks were also found in the weed control ratings. As the
season progresses, weed control should diminish as the efficacy of the herbicide wears
off. Week 2 was significantly better in weed control (5.00 mean rating) than any other
week.
The end of season harvest was conducted on September 11, 2009. Significant
differences were found between treatments and between varieties (p $ 0.05). The control
(NS/NH; 3.445 Mg/ha or 1.205 ton/A) and the Starkville, MS treated Alamo (50%
safener soak; 2.144 Mg/ha or 0.957 ton/A) were significantly greater than all other
treatments. Regarding treatments from Cornell (Treatments 1, 2, 3, and 4), as the safener
dosage decreased, mean Mg/ha decreased (Table 16). Varietal difference was observed
as the Starkville, MS treated Alamo (50% safener with 2.94 Mg/ha or 1.31 ton/A; 100%
safener with 2.74 Mg/ha or 1.23 ton/A) outperformed all other varieties. Lowland
varieties typically had greater tonnage when compared to upland counterparts, however
no significant differences were present.
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Table 16. Mean end of season harvest tonnage for 2009 field test by treatment.
Treatment

Mean (Mg/ha)

Mean (ton/A)

T-grouping

NS/NH

2.6992‡

1.2050‡

A†

50

2.1448

0.9575

A

100

1.4168

0.6325

B

4

1.1719

0.5232

BC

25

1.1229

0.5013

BC

3

0.8124

0.3627

BC

2

0.7387

0.3298

BCD

1

0.6088

0.2718

CD

NS
0.0616
0.0275
D
Letter denotes differences between mean tonnage within a column (treatment effects).
Means were separated by LSD at p # 0.05.
‡
Mean end of season harvest includes biomass of weeds
†
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CHAPTER V
CONCLUSIONS

The selection for imazapic resistant switchgrass has produced un-expected
findings. The determination of whether switchgrass is an auto- or alloploid remains
controversial. Selection for an ALS resistance allele thus far, indicates that switchgrass is
probably an autotetraploid and a dosage effect of semi-dominant alleles is functioning; as
suggested by Tan et al. 2005. However, this contradicts the claims made by Tranel and
Wright (2002). In order to provide evidence for or against these claims, another
generation of selection has been undertaken. The new cycle will be planted in a
confirmed isolated location where foreign pollen will be highly improbable. The
individuals selected for this generation were sprayed with the initial 1x rate, along with a
2x rate to insure no escapes. The progeny gained from this cycle will generate new
findings by either creating a fully resistant population with varying levels of resistance
(autoploidy), or by creating a greater percentage of fully resistant individuals (alloploidy)
by stacking resistance alleles (generating a population of quadraplexes) on each bivalent
pair of chromosomes.
The use of fluxofenin (Concep III®) as a seed safener for switchgrass has proven to
be a successful option for establishment. The combination of fluxofenin at the
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recommended rate (0.3 g a.i./ kg of seed), metolachlor, and high quality, high germinating
seed can be a viable option for switchgrass monocultures. The use of metolachlor in
controlling weeds for the first few months of establishment [followed up by applications
of Pursuit® (imazethapyr) and Trimec® (2,4,-D, dicamba, and mcpp)] will enable land
managers to obtain first year harvests for this biomass crop, which to this point has
predominantly been a deterrent to planting.
Initial results of the second generation of imazapic resistant switchgrass, and the
development of fluxofenin as a seed safener are two promising establishment techniques
that could greatly influence switchgrass marketability. Finalization of selection, multiyear and multi-location testing, cross-protection testing with other herbicides, and native
grass mixed stand trials are future experiments needed for the new cultivar. Fluxofenin
future research includes improvement of seed coatings, larger field tests, and registration
for use in switchgrass.
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